A long-standing question in Quaternary paleontology is whether climate-induced, population-level phenotypic change is a result of large-scale migration or evolution in isolation. To directly measure genetic variation through time, ancient DNA and morphologic variation was measured over 2,400 years in a Holocene sequence of pocket gophers (Thomomys talpoides) from Lamar Cave, Yellowstone National Park, Wyoming. Ancient specimens and modern samples collected near Lamar Cave share mitochondrial cytochrome b sequences that are absent from adjacent localities, suggesting that the population was isolated for the entire period. In contrast, diastemal length, a morphologic character correlated with body size and nutritional level, changed predictably in response to climatic change. Our results demonstrate that small mammal populations can experience the long-term isolation assumed by many theoretical models of microevolutionary change.
The Greater Yellowstone ecosystem in the northern Rockies has experienced marked climatic fluctuations during the past few thousand years, with extremes during the Medieval Warm Period (450 to 1350 yr B.P.) and the Little Ice Age (150 to 450 yr B.P.) (1, 2) . An exceptional record of small mammal populations was preserved during this period in Lamar Cave, where more than 10,000 mammal specimens have been recovered, defining a sequence of populations spanning the last 3,000 years (3) . Morphologic studies of the pocket gopher, an abundant small mammal throughout this deposit, have documented change in size-related craniodental characters corresponding with climatic change (4, 5) .
To discriminate between migration and within-locality causes of morphologic change, we used single-stranded DNA conformation polymorphism analysis (SSCP) and DNA sequencing to measure variation in a 164-bp segment of the mitochondrial cytochrome b gene in 73 ancient specimens § from 10 stratigraphic levels spanning the past 2,400 years ( Fig.  1) . We also analyzed DNA from seven extant pocket gophers near Lamar Cave and six individuals from adjacent localities (Fig. 2) . Because pocket gopher populations are strongly differentiated with regard to cytochrome b sequences (6, 7) , migration from nearby populations would be revealed as the appearance of new sequences over time. We compared the cytochrome b results to the pattern of morphologic change over time in diastemal length, a developmentally plastic character correlated with body size and plane of nutrition (4, 8) (Fig. 1) . As a morphologic control, we compared the genetic results to changes in toothrow length, which in pocket gophers is a conservative indicator of differences between subspecies (9).
DNA from ancient teeth was extracted by a silica-based purification method (10) . Single teeth were wrapped in aluminum foil, dipped into liquid nitrogen, and ground to a fine powder before extraction. DNA from skins was isolated by cell lysis followed by organic solvent purification (11) . Contamination was monitored by extraction controls (mock extractions) subjected to PCR and procedures to avoid and monitor contamination were followed carefully (12) (13) (14) . Notably, no DNA from recent pocket gophers was amplified before the work on ancient samples was completed.
We designed cytochrome b primers Tta 1 (L 5Ј-ACCCCA-CCTAACATCTCAGG-3Ј, 5Ј at position 66 of GenBank sequence L38467) and Tta 2 (CAGCCATAGTTTACATCT-CGG-3Ј, 5Ј at position 230) based on an alignment of Thomomys talpoides and T. bottae cytochrome b sequences (GenBank accession nos. L38467 and L38476), and unpublished sequences of T. t. monoensis (MVZ 176455); T. monticola (PAG 17); and T. mazama (MVZ 176431) kindly provided by M. F. Smith from the University of California, Berkeley. Amplification from 5 l of the extract was carried out for 40 cycles in a 30-l volume using wax-mediated hot starts (10) . Amplification cycles in a programmable thermal cycler (Perkin-Elmer Cetus 480) were as follows; denaturation at 94°C for 1 min, annealing at 50°C for 1 min, and extension at 72°C for 1 min. For SSCP analysis, primers were labeled with 32 P following a standard kinase reaction (15) . PCR controls (PCR without extract) were included in each amplification to monitor for contamination. Samples that yielded PCR product were screened for variation with SSCP, a method that accurately detects single nucleotide substitutions (15) (16) (17) . Additionally, to test the accuracy of SSCP typing, partial DNA sequences were determined from 24 individuals from the ancient and recent Lamar Cave population and one individual from each of six neighboring localities (Fig. 2) . Sequence comparisons revealed that haplotypes A, B, and C found in modern and ancient specimens collected at Lamar differ by at
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least one substitution. The other six localities each exhibited a unique haplotype. Haplotypes that differ by only one substitution were resolved by SSCP analysis (Fig. 3) . PCR products either were sequenced directly by using the Applied Biosystems PRISM Dye Terminator Cycle sequencer (Perkin-Elmer Cetus) or were sequenced by the Sanger method (11) after cloning (TA cloning kit, Invitrogen).
The authenticity of ancient DNA sequences often is questioned because contaminating DNA and PCR products readily outcompete lower copy number and potentially damaged ancient templates (12) (13) (14) (18) (19) (20) . A critical concern in our population-level study is the possibility of accidental carryover of a common sequence among experiments giving the appearance of genetic stasis. We approached this problem by using four types of controls (12) (13) (14) . First, we monitored for contamination through inclusion of extraction blanks and PCR blanks in all experiments. None of these controls were found to be contaminated. Second, DNA extraction and PCR setup were undertaken in a spatially separate facility dedicated to low-copy DNA research. Third, our results were independently replicated in the laboratory of Charles Marshall in a separate building (Department of Geology, University of California, Los Angeles). For this replication, eight ancient samples were provided to a technician (J.A.L.) otherwise not associated with this project. Using equipment and reagents unique to the Marshall laboratory and a different extraction protocol (21) , she succeeded in extracting, amplifying, and sequencing DNA from six of eight ancient specimens provided. One sequence was amplified from level 3, two from level 8, and three from level 12. All were identical to the common A haplotype except one from level 12, which was identical to haplotype C otherwise found in level 15 and in recent Lamar Cave pocket gophers. Finally, for ancient and recent samples that provided 164-bp products we tried to amplify a region of 346 bp in cytochrome b by using a second H primer we designed (5Ј-TAACCTACAAAGGCTGTACG-3Ј; 5Ј at position 408 in GenBank sequence L38467). Sequences longer than a few hundred base pairs should be rare in ancient extracts (12) (13) (14) . As expected, only in one ancient sample from level 3 and recent samples could we obtain the 346-bp product. Conceivably, nuclear-transposed copies of mtDNA could have been amplified by our procedure although this is unlikely considering that nuclear sequences are much less common than mitochondrial sequences in ancient extracts (12) (13) (14) 20) . To determine whether our PCR products were a mixture of sequences, we cloned products from five and two, ancient and modern Lamar Cave specimens, respectively, and sequenced three clones from each (Fig. 1, Table 1 ). All clones had the common haplotype A except for two, which differed by a T-C transition and A-G transition, respectively. Such limited differences among clones are consistent with DNA polymerase incorporation errors (18, 19) . Moreover, mtDNA sequences that have been transposed into the nucleus have a different pattern of substitution, reflecting relaxed constraints on codon evolution (20) . Translation of the 134-bp fragments that we obtained from clones revealed a single ORF without any stops. Variable sites were restricted to third codon positions as is expected in intraspecific comparisons. Finally, phylogenetic analysis using PAUP (22) identified haplotypes A, B, and C as a monophyletic, derived clade. As expected, this clade was sister to a T. talpoides sequence (GenBank no. L38467).
Analysis of cytochrome b haplotypes in the ancient specimens suggests that the Lamar Cave population was not replaced or augmented by migration from nearby populations 
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and ancient specimens (n ϭ 73) from Lamar Cave that were subjected to DNA analysis, respective age of the specimens, and summary of SSCP and sequence data.
(A) The age-versus-depth curve for the deposits based on 18 calibrated radiocarbon dates with 95% confidence intervals shown (3). (B) Illustration of a lower left jaw with the measurements taken to analyze morphologic characters. (C) Changes in diastemal length (F) and toothrow length (ᮀ) for comparison with haplotypes A-C identified by SSCP analysis.
We examined 88 ancient specimens spanning all 16 stratigraphic levels. In 73 cases (83%) we obtained a 164-bp PCR product of the mitochondrial cytochrome b gene (cyp b) 5Ј end. Level 16 (2,400 to 3,000 years) did not yield any PCR product. The sample size column lists the number of specimens that were examined, and in parentheses, the number screened for 164 bp by using SSCP (first number), individuals directly sequenced for 63 bp (second number), and individuals cloned and sequenced for 134 bp (third number). Note: cloned individuals also have been sequenced directly with the exception of level 6. At level 7 morphologic change is most pronounced, coincident with changes in temperature and͞or moisture regimes in the region. over a 2,400-year time period (Fig. 1) . One haplotype, A, was found throughout the deposit. Only in the oldest levels (levels 12, 14, and 15) did we find one of six, one of two, and two of nine individuals, respectively, with different haplotypes B and C (Fig. 1) . Haplotype B was not found in any modern specimens and is unique to level 15 of Lamar Cave. Haplotype C was not detected in the 53 specimens from the upper levels of the cave (levels 3 and 5-9). However, haplotype C was present in four of seven specimens from the modern population of pocket gophers presently living near Lamar Cave. The common haplotype A in the ancient population was found in remaining specimens from the modern Lamar population and was detected in one specimen from approximately 150 km to the south. All other haplotypes found in six neighboring localities were distinct (Fig. 2) . As we have determined through SSCP analysis and DNA sequencing of ancient and recent pocket gophers (Fig. 1) , haplotypes found in neighboring localities differed from those found in living and ancient Lamar Cave samples by at least 1-12 nucleotide substitutions (1.6%-19.0%). In contrast, haplotypes A, B, and C found in Lamar Cave differ by a single third-position nucleotide substitution (1.6%). Consequently, our results suggest that the ancient and recent samples from Lamar Cave and proximity belong to a single, temporally persistent population that did not exchange female migrants with nearby populations for 2,400 years or longer. The spatial pattern of genetic isolation in pocket gophers is supported by cytochrome b analyses of a related pocket gopher species, T. bottae, in which all extant populations had unique haplotypes (6, 7) .
To confirm the genetic isolation of the Lamar Cave population, we measured variation in toothrow length, a taxonomically conservative character. Previous research has found that toothrow length is relatively uniform within pocket gopher populations, but differs among subspecies in a pattern not related to changes in temperature or other environmental variables (9) . Consequently, in the absence of significant migration, no systematic change in the mean value of toothrow length would be expected to arise in response to changing climatic conditions through time. Our results show that toothrow length changed little, less than 8% throughout the 2,400-year period despite changes in climate (Fig. 1) . In contrast, pocket gophers differ by as much as 45% in toothrow length between subspecies in this species group, whereas the withinpopulation variation is less than 25% in T. talpoides tenellus (4) . Therefore, the toothrow data confirm the genetic stasis implied by the cytochrome b data.
Diastemal length, a developmentally plastic character that increases with body size and nutritional plane (4, 8, 9) , changed more dramatically than toothrow length, as much as 17%, throughout the same period (Fig. 1) . During the Medieval (8). Moreover, the degree of diastemal length change that has occurred in Lamar Cave through time is less than that between modern adjoining pocket gopher populations in low-and high-nutrient-level habitats (8) . Consequently, the observed response could be accomplished by developmental changes alone. Phenotypic responses to environmental change can be caused either by large-scale migration of individuals who have adaptations more appropriate for the altered climate or by genetic and nongenetic changes within populations (23) (24) (25) (26) . Our approach, involving the measurement of population diagnostic markers and features that respond to changing conditions, has identified within-population processes as critical in the phenotypic response of populations to changes in climate. Ancient DNA technology now enables the application of this approach to populations a few hundred to a few thousand years old (19, 27) , thus providing a temporal dimension on the study of genetic variation in natural populations. As in our analysis, genetic markers may be more informative as population diagnostic markers than morphologic measurements because we could distinguish sample localities based on cytochrome b sequences that were similar in toothrow length (e.g., T. t. tenellus vs. T. idahoensis confinus). Nonetheless, judicious choice of morphologic measurements enables our approach to be applied to much older populations (23, 24) .
Our results show that isolated populations can persist over several thousand years of climatic change without extinction, suggesting that recolonization in a metapopulation framework (28, 29) at the spatial and temporal scale represented by our study is not a prerequisite for population persistence. However, populations threatened with extinction that are as isolated as the Lamar Cave pocket gophers may not be recolonized through immigration. Given that many species of endangered small vertebrates are strongly subdivided genetically (30) , a better understanding of within-population developmental and genetic responses to changing environmental conditions is needed to predict how well the species will survive climatic changes resulting from global warming. In some species, the primary response to environmental change may be developmental rather than genetic (8, 26, 31) , a limitation not well appreciated by the focus on genetic variation in species conservation (32). 1  3  4  5  7  10  16  19  22  25  28  31  34  43  46  52  55  58  61   A  C  T  T  C  A  C  T  C  A  A  T  C  T  T  A  T  T  T  T 95 (1998) 
